Mortierella isabeUina ATCC 38063 is a zygomycete capable of hydroxylating fish-toxic resin acids which occur in certain pulp mill effluents to nontoxic metabolites. Addition of dehydroabietic acid (1) (80 mg/liter) to a freshly inoculated culture of M. isabellina in dextrose-yeast extract broth resulted in precursor disappearance in 28 to 30 h. During growth phase, hydroxylation occurred at C-2, whereas hydroxylation at C-15 and C-16 commenced with onset of stationary phase. Alternatively, 1 added to stationary-phase culture (40 mg/liter) disappeared within 2 h and hydroxylation occurred concurrently at C-2, C-15, and C-16. Enzymatic activity of stationary-phase culture was totally cell associated and was present despite the absence of 1 during the preparatory growth phase. Resuspension of mature fungi as free mycelia or immobilized in calcium alginate beads did not diminish the effectiveness of the biotransformation, although two new metabolites, 15-hydroxy-8,9,11,12-tetradehydro-7,8-dihydroabietic acid (5) and 16-hydroxy-8,9,11,12-tetradehydro-7,8-dihydroabietic acid (7) were formed. Immobilized mycelia retained hydroxylase activity for >110 days whether or not they were challenged with fresh 1 on a regular basis. In this respect they are more long-lived than resuspended free mycelia are.
Previous studies from our laboratory (2) (3) (4) (5) (6) (7) (8) have shown that the fungus Mortierella isabellina can effectively transform a series of fish-toxic diterpenes and their chlorinated analogs into nontoxic metabolites. The metabolites are formed by a novel hydroxylation at C-2 in ring A and by hydroxylation at C-15 or C-16 in the isopropyl side chain. M. isabellina thus has potential for application to environmental toxicological problems associated with the pulp industry.
The most direct method of its application would involve inoculation of pulp mill biobasins with spore suspensions or mycelia of M. isabellina. However, M. isabellina spores do not germinate in aerated kraft pulp mill effluent unless extra nitrogen and sugar are added (unpublished data); addition of these nutrients is not practical because the native bacterial population in the biobasins would outcompete the added fungal spores, and the added sugar would serve only to increase the biological oxygen demand of the effluent. Direct addition of M. isabellina mycelia is also untenable because the mycelia neither multiply nor increase in mass in the effluent; however, the mycelia do remain viable (unpublished data). Because biobasins are open continuous systems, continual additions of mycelia would be required to maintain the fungal population. M. isabellina's inability to grow in the biobasins may actually be an advantage because its mycelial growth could cause bulking problems with the sludge.
An alternative method for effluent treatment tions is facilitated; (iii) enzyme stability is frequently increased; and (iv) for application to continuous-flow processes, washout problems are reduced or eliminated. Successful application of immobilized M. isabellina mycelia to the problem of effluent detoxification depends upon several criteria being met: (i) enzymatic activity must be cell associated; (ii) enzyme activity must be stable over a long period; (iii) a suitable support must be identified; (iv) enzyme activity must remain high in the immobilized preparation; (v) the metabolites formed should be the same as those produced by free mycelia and must be nontoxic; and (vi) the technique must be amenable to scale-up and large-scale application. Several of these criteria are addressed in this paper.
In our previous studies, experiments involving biotransformation of fish-toxic diterpenes were initiated by adding the precursors at the time of culture inoculation. Precursor disappearance and metabolite formation were then measured during culture growth. and fermentor cultures grown in dextrose-yeast extract broth were handled as described previously (8) . Mature mycelia were collected from broth cultures grown into stationary phase by aseptic filtration onto filters cut from Miracloth (Calbiochem) and were washed with 20% (vol/vol; of initial culture) Tris-hydrochloride buffer (pH 7.3; 0.03 M). When supernatants were tested for enzyme activity, the mycelia were separated from the broth by filtration through 0.45-,um cellulose acetate membrane filters.
(ii) Resting-cell suspensions. Washed, mature mycelia were added to Tris-hydrochloride buffer equal in volume to the initial culture volume from which the mycelia were harvested.
(iii) Immobilized cell suspensions. Washed, mature mycelia were suspended in distilled water, then mixed into a 3% (wt/vol) solution of sodium alginate (BDH Ltd.), and finally added dropwise, with the aid of a peristaltic pump, to 50 mM CaCl2 to entrap whole mycelia in calcium alginate beads. The water-alginate-CaCI2 solution ratio was 1:1:2, and the total volume equalled the culture volume from which the mycelia were harvested. Once formed, the beads were allowed to harden overnight before the CaCl2 solution was decanted, and the beads were suspended in Tris-hydrochloride buffer. Again, the final volume equalled the initial culture volume.
(iv) Biotransformation of 8, Large-scale biotransformation of 1, using immobilized resting mycelia. Mycelia from a 10-liter, 45-h-old fermentor culture were immobilized and suspended with 400 mg of 1. Aliquots (300 ml) were withdrawn at 1-h intervals for highpressure liquid chromatography analysis of the disappearance of I and the appearance of metabolites. The suspension remaining after 6 h was harvested for isolation and characterization of metabolites.
Long-term stability of enzyme activity of immobilized M.
isabellina. Resting-cell suspensions (13 x 100 ml) and immobilized cell suspensions (13 x 100 ml) in Erlenmeyer flasks (250 ml) were prepared from the same stationary-phase culture (4 (8) (Fig. 1) (Fig. 2) . After the initial lag phase, the culture grew rapidly to achieve its maximal biomass at approximately 32 h. During the growth phase, I was rapidly depleted, and metabolites 2 and 3 which are hydroxylated at C-2 were formed. With the onset of stationary phase, hydroxylation in the isopropyl side chain commenced to form 9 and 11. Apparently the full complement of hydroxylating activity occurs only in nongrowing mature cultures.
The sequence of metabolite formation confirms the sequence determined previously by addition of 2 to cultures which metabolized it to 9 and 11 (8) .
Biotransformation of 1 by resting-cell suspensions. To determine whether the enzyme activity is extracellular or cell associated, the broth and biomass of a stationary-phase culture were separated, and each was tested for activity against 1. Broth activity was tested at pH 3.0, the pH which occurred naturally in the culture broth, and pH 7.3, which was obtained by adding 1 M NaOH. Slight alkalinity, a common condition of kraft pulp mill biobasins, prevents DHA precipitation which occurs when 1 is added to acidic solutions.
No DHA disappearance occurred in the broth preparations within 48 h, whereas >99% of the DHA (Fig. 3) and to provide sufficient amounts of metabolites for isolation and characterization. Of the five metabolites obtained, two (5 and 7) were new whereas the other three (2, 9, and 11) had been previously identified from biotransformations with whole culture (8) .
Isolation of metabolic products by silica gel flash chromatography was facilitated by treatment of the crude mixture with diazomethane to form methyl ester derivatives. On elution with ether-petroleum ether (15:85), the methyl ester 6 (82 mg, 24.4%, mp 72 to 74°C) of new metabolite 5 was obtained. Continued elution with the same solvent mixture provided new compound 8 (24 mg, 7%) and the known compound 4 (80 mg, 24%) (8) . Subsequent elution with ether-petroleum ether (35:65) afforded the known esters 10 (28 mg, 8%) and 12 (26 mg, 7%) (8) .
The structure for 6 was assigned on the basis of the following spectral data: infrared (CHC13)-3,700 to 3,400, 1,725 cm-'; 400 MHz 'H nuclear magnetic resonance (CDCl3) whereas C-15 substitution is favored in the isopropyl side chain; (iv) the introduction of hydroxy groups in the side chain is independent of hydroxylation in ring A, but functionalization at C-15 precludes hydroxylation at C-16 and vice versa. This information suggests that at least two and possibly three DHA hydroxylases are present in mature M. isabellina mycelia. Since rapidly growing cultures form only C-2-hydroxy metabolites, the corresponding hydroxylase may be associated with primary metabolism; alternatively, the enzyme(s) responsible for side-chain functionalization is produced or activated only when the culture enters stationary phase and may be involved in secondary metabolism.
Long-term stability of enzyme activity of immobilized M. isabellina. Successful application of immobilized M. isabellina, especially for detoxification of pulp mill effluents, requires prolonged hydroxylase stability to minimize the frequency of reactivation with fresh mycelia. To test for this stability, resting and immobilized cell suspensions were challenged with DHA by adding 1 successively to the same cell preparations (Fig. 4) and by adding 1 to previously unchallenged preparations on each new test day (Fig. 5) .
In both experiments, the immobilized mycelia transformed more than 80% of added I for more than 80 days. In addition, the immobilized cells challenged on a single-exposure basis were as effective as those challenged repeatedly, thereby indicating that DHA presence is not required for induction or maintenance of hydroxylase activity. Alginate beads from several of the single-time exposure flasks were dissolved in phosphate buffer and were found to retain <0.5% of the added precursor. For comparison, the resting mycelia also retained their ability to transform 1 for an extended period; however, they were less effective than their immobilized counterparts. In addition, the free mycelia exposed repeatedly to DHA exhibited a more severe decline in activity over time than did those exposed only once. This is in part due to small losses of biomass each time the mycelia were suspended. Thus, it also demonstrates one of the advantages of immobilized cells, that is, increased ease of handling. For example, no beads were lost despite repeated filtration and suspension.
The initial period (to day 29) of declining activity observed in three of the preparations is followed by a plateau in activity lasting for 50 days. The extent of the initial loss is reduced in the immobilized preparations. This feature, in conjunction with the overall higher activities and extended life of DHA-transforming ability, serves to demonstrate that calcium alginate immobilization increases the enzyme stability of resting M. isabellina mycelia.
In conclusion, immobilization of mature mycelia of M. isabellina results in rapid biotransformation of DHA and increased stability of hydroxylase activity. These are important advantages to consider for application to environmental toxicological problems. As similar hydroxylation processes are involved in the detoxification of other fish-toxic diterpenes and their chlorinated analogs (2-7), the above results with I should be directly applicable to these substrates.
Finally, the utilization of less costly supports for the immobilization process, for example, polyurethane foam particles (9) , is presently under study in our laboratory.
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